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Abstract. The strong suppression of high-pT hadrons observed in heavy ion collisions at RHIC indicates 
the interaction of high energy partons with a dense colored medium prior to hadronization. We review the 
main results from the high-px hadron analysis at RHIC and what they tell us about the medium. We then 
concentrate on the new possibilities that the wider kinematic range at the LHC will offer and how they 
will help us to better characterize the medium produced in these collisions. 

PACS. PACS-key discribing text of that key - PACS-key discribing text of that key 



1 Introduction 

In relativistic heavy ion collisions, large transverse mo- 
mentum partons result from the initial hard scattering of 
nucleon constituents. After a hard scattering, the parton 
fragments to create a high energy collimated spray of par- 
ticles, that is usually called a jet. These partons will travel 
through what is predicted to be a dense colored medium, 
and there they are expected to lose energy via medium 
induced gluon radiation PE], this is usually called "jet 
quenching" . The magnitude of this energy loss is predicted 
to depend strongly on the gluon density of the medium. 
Therefore, measurements on how quenching changes the 
structure of the jet and its fragmentation function will re- 
veal information about the QCD medium created in these 
collisions. 

We start by giving a brief summary about the indica- 
tions of partonic energy loss found in the analysis of high- 
Pt hadrons at RHIC. We then discuss the advantages of 
reconstructing the full jet and how this will be done in 
ALICE. We finish by describing the different jet structure 
observables that we will study and what they will tell us 
about the medium. 



2 High-p T Analysis at RHIC 

Clear evidences of partonic energy loss in heavy ion col- 
lisions have been seen at RHIC. There is a strong sup- 
pression of high-pT hadrons in central AuAu collisions at 
^/snn = 200 GeV as can be seen in the nuclear modi- 
fication factor Raa for charged hadrons and neutral pi- 
ons | 314I5I6 |. Raa measures the deviation of heavy-ion 
collisions from a simple incoherent superposition of pp 
collisions. The fact that this factor is well below unity 
for pt > 5 GeV/c indicates that hadron production is 
suppressed by about 5 in central AuAu collisions relative 



to pp collisions at that large pt |o|Q]|5]|bj. Such suppres- 
sion is however not observed in central dAu collisions at 
the same collision energy indicating that the suppression 
observed in central AuAu collisions is due to final-state 
interactions of the high energetic partons with the dense 
system created in these collisions. 

In the distribution of the relative azimuth A<j) between 
pairs of charged hadrons we can see a clear dijet signal in 
pp and dAu collisions as two distinct back to back Gaus- 
sian peaks . No such signal is observed in central AuAu 
collisions where there is a strong suppression of the lead- 
ing fragments of the recoiling jet. Once more, the fact that 
this suppression is not observed in dAu collisions indicates 
that the suppression seen in AuAu collisions is due to fi- 
nal state interactions of the high-energy partons with the 
dense colored medium created in AuAu collisions. 

Different models have incorporated energy loss via medium 
induced gluon radiation in perturbative QCD calculations. 
This has been done in two different ways, as multiple 
soft interactions (BDMPS) c 7.: and as few hard scatter- 
ings (GLV) [HJ. In the BDMPS model the density of the 
medium is characterizes by the transport coefficient q. 
Physically, q is the mean squared transverse momentum 
generated by interactions with the medium per unit of 
path length A. In the high energy limit and for a static 
medium the average radiative energy loss AE is propor- 
tional to q. For cold nuclear matter q ~ 0.05 GeV 2 /fm. 

In order to be able to reproduce the results from RHIC, 
such as the suppression observed in Raa, these models 
require that the early phase of the collision has a gluon 
density around 30-50 times that of cold nuclear matter, 
which in the case of the BDMPS model means a q between 
5 and 15 GeV 2 /mr 0. 
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3 Jet Reconstruction 

As mentioned in the previous section, the effects of the 
medium on the propagation of high-energy partons is stud- 
ied by the analysis of the leading particles of the jets 
through the pr spectra of hadrons and through the az- 
imuthal distribution of pairs of high-px particles. How- 
ever, the study of the leading particles of the jets has its 
limitation and they become fragile as a probe. For extreme 
quenching scenarios, one observes particle emission pre- 
dominantly from the surface and therefore the sensitivity 
of the leading particles to the region of highest energy den- 
sity is very limited. As a consequence of this dominance 
of the skin-emission, the nuclear modification factor has 
very little sensitivity to the medium properties: it is al- 
most independent of pt and its dependence on q becomes 
weaker as q increases making the characterization of the 
medium based on this observable very difficult 9 . 

However, the full reconstruction of jets is, in princi- 
ple, free of such a bias and it allows the measurement of 
the original parton 4-momentum and the transverse and 
longitudinal structure of the jet. One can then study the 
properties of the medium through the modifications on 
the jet structure. Partonic energy loss will manifest in a 
decrease on the number of particles carrying a high frac- 
tion z of the jet energy, and on the appearance of radiated 
energy via an increase on the number of particles with low 
z values. In addition, a broadening of the distribution of 
jet-particle momenta perpendicular to the jet axis is ex- 
pected. This broadening is predicted to be directly related 
to the color density of the medium 

3.1 Jet Reconstruction in ALICE 

The ALICE detector is a general purpose heavy-ion exper- 
iment designed to cope with the highest particle multiplic- 
ities predicted for PbPb collisions at the LHC of dN^/dy 
up to 8000 [H]. The detector consists of a central part 
with full azimuthal coverage in the pseudorapidity region 
| r\ | < 0.9 to measure hadrons, electrons and photons, and 
a forward dimuon spectrometer to measure muons. The 
central region is located inside a solenoidal magnet which 
allows the identification of high-px charged hadrons with a 
momentum resolution better than 10% up to 100 GeV |12) . 
There is a proposed electromagnetic calorimeter that will 
improve jet energy resolution and will add trigger capa- 
bilities. It will have an azimuthal coverage between and 
110° within \rj\ < 0.7 [T3| . 

Figure shows the predicted annual jet yields vs. en- 
ergy within the fiducial region of ALICE \r\\< 0.5 for the 
10% most central and minimum bias PbPb collisions for 
a typical luminosity at the LHC (5 x 10 26 cm _2 s _1 ) for 
one effective month of running (10 6 s). For Et < 100 GeV 
the jet rate > 1 Hz is high enough to collect a sample of 
O(10 4 ) jets. For Et > 100 GeV triggering will be neces- 
sary to collect jet enriched data. 

As will be shown below, jets with Et > 50 GeV will 
allow full reconstruction of the hadronic jets, even in the 
underlying heavy-ion environment. Experimentally, jets in 
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Fig. 1. Predicted annual jet yield vs. energy with \rj\ < 0.5 in 
PbPb collisions at v /%n = 5.5 TeV. 



pp collisions are defined as an excess of transverse energy 
over the background of the underlying event within a typi- 
cal cone radius R — I'm the 77 — plane. R = \J Arj 1 + A<p 2 
defines the geometrical size of the jet. In heavy-ion colli- 
sions at the LHC, the total energy from the underlying 
event in a cone of R = 1 is expected to be of the order 
of 2 TeV, assuming dN/dr/ — 5000, which is one order of 
magnitude higher than the highest jet energy we want to 
measure. Also, this energy fluctuates by an energy which 
is of the order of the jet energy. These two main limita- 
tions make jet identification in large cones in heavy ion 
collisions impossible. 

However, if we take into account that about 80% of the 
jet energy is inside a cone of R = 0.3 and that the back- 
ground energy scales proportional to R 2 and its fluctua- 
tions proportional to R, we can reduce the contributions 
from the underlying event and its fluctuations by reduc- 
ing the cone size to 0.3 or 0.4. Another way of removing 
contribution of particles from the background is by apply- 
ing a transverse momentum cut to the particles inside the 
cone, i.e. by removing low-momentum particles from the 
cone. These cuts may also reduced the signal but they do 
it to a much lesser extent. 

Figure[2]compares the background energy from charged 
particles within a cone of size R for different pt thresholds 
to the energy from jets of different energies. For R = 1, 
the background energy exceeds the jet energy even for the 
highest jet energy considered in the figure. It is also clear 
from this figure that the background energy can be re- 
duced by reducing the cone size, by applying a pt cut to 
the particles inside the cone, or by doing both. 

However this method has its intrinsic performance lim- 
itations. Figure shows the spectra of reconstructed cone 
energies for monoenergetic jets of Et = 100 GeV gener- 
ated by the Pythia event generator J3| an d reconstructed 
using a cone size of R = 0.4. The limited cone size leads to 
a low energy tail even for the best case scenario in which 
jets are reconstructed using charged and neutral tracks as 
measured by the central barrel tracking system and the 
electromagnetic calorimeter. When jets are reconstructed 
using only charged particles, the reconstruction is domi- 
nated by the charged to neutral fluctuations which results 
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Fig. 2. Background energy from charged particles within a 
cone of size R compared to the energy from jets of different 
energies for different transverse momentum thresholds. 
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Fig. 4. Reconstructed hump-backed plateau for reconstructed 
energy _B™ no > 105 GeV. The spectra is compared to the cor- 
responding result for background free events and an estimate 
of the background distribution. 



>1200 

o 

C5 

CM 

«1000 



800 



Charged +7 
Charged 

Leading charged particle 




600 



400 



200 



80 90 100 
E£°™ [GeV] 

Fig. 3. Spectra of reconstructed cone energy for 10 000 gen- 
erated jets with E = 100 GeV for different detector configura- 
tions. A cone of size R — 0.4 was used. 



in an almost Gaussian shape with a mean value at about 
half the input energy (AE T /E T ~ 50%). 



scribed in J7j. An average transport coefficient (q) = 
1.7 GeV 2 /fm was used. Each event sample covers 13 bins 

[p!f rd (i),PT ard ( i + 1 )L with PT ard (* + 1 )/PT ard («) = I- 2 from 
20 GeV to 180 GeV. Here p^ ard is the transport momen- 
tum of the partons in the rest frame of the hard interac- 
tion. 

We used our cone algorithm to identify and reconstruct 
jets in these simulated central PbPb events (dN/dr/ = 
5000). The cone radius was R — 0.4 and the transverse 
momentum threshold p™ n = 2 GeV. After jets are recon- 
structed, one can study the effects of the dense medium 
on the propagation of high energy partons or their decay 
products by studying the modification on the longitudinal 
and transverse momentum of the jet, i.e. through the mod- 
ifications to the jet structure observables. In this section 
we describe different observables and present their analysis 
from the generated unquenched events mentioned above. 
A total of 3000 events per bin of p^ ard were used. For this 
jet-structure analysis, all particles inside the cone identi- 
fied to be a jet were used, even those with < 2 GeV. 



4.1 Fragmentation Function 



4 Jet Structure Observables 

ALICE has studied the reconstruction of jets by simu- 
lating jet events with the Pythia event generator and em- 
bedding them into an underlying PbPb event generated by 
the Hijing event generator J^j- The generated events were 
passed to the transport code GEANT3 ^H] which simu- 
lates the trajectory of particles, their decays, and their 
interaction with the detector materials. Signal and under- 
lying events were then merged and passed to the ALICE 
reconstruction algorithm for full reconstruction. 

Two events samples were produced, one containing 
unquenched events and another one containing quenched 
events. In the latter case, energy loss was introduced in 
the Pythia simulations according to the toy model de- 



A convenient way of representing the fragmentation func- 
tion is through the distribution of £ = ln(i?^? t /p^ art ). The 
characteristic shape of this distribution is known as the 
hump-backed plateau |18j . Medium induced energy loss 
distorts the shape of this plateau in a characteristic way. 
This distortion is caused by the decrease on the number 
of particles with high z and by the increase on the number 
of particles with low z. 

Figurepj]shows the reconstructed hump-backed plateau 
for reconstructed energy E^ nc > 105 GeV compared to 
the corresponding result for background free events. Also 
shown in the figure is an estimate of the background distri- 
bution. The region £ < 4 corresponds to px ^ 1-8 GeV/c 
and therefore leading particle remnants will appear in this 
region where the signal to background ratio S/B is always 
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Fig. 5. Reconstructed distribution of charged energy averaged 
over rings [R, R + AR] around the jet axis normalised to the 
area A of the ring for reconstructed energy E^ nc > 105 GeV. 
The spectra is compared to the corresponding result from back- 
ground free events and an estimation of the background distri- 
bution. 



1 10 2 ^ 



ig 10 
z 

- 1 -1 t-l 



10' 



10 



_-A- 
=*=- 



E™ ne >105 GeV 
▲ All - Unquenched 

• Pythia 

* Background 



2 



3 



4 I i i i i I i i 

10 0.5 



1.5 



2.5 



—I I I I I I I L 



j, [3eWc] 



Fig. 6. Reconstructed jT-distribution for reconstructed energy 
E^ onc > 105 GeV. Only particles within R < 0.4 entered the 
distribution. It is compared to the corresponding result for 
background free events and an estimation of the background 
distribution. 



larger than 0.1. Therefore we will be able to measure mod- 
ifications in the number of particles with high z. Particles 
from medium-induced gluon radiation are expected to ap- 
pear predominantly in the region 4 < £ < 6. In this region 
S/B is of the order of 10 -2 making the study of particles 
with low z more difficult. 



4.2 Jet Shape 

Jet shapes are described by the distribution of the average 
fraction of energy in a subcone of radius r, 



,r,f \ 1 M0,r) 



p T (0,#)' 



(1) 



where R is the jet size. 

It is clear that lowering the momenta parallel to the 
jet axis and increasing the one perpendicular to it leads to 
an increase on the jet size. This increase is reflected in the 
jet shape. Calculations performed for a modest transport 
coefficient (q ~ 2 GeV 2 /fm) show that the energy inside 
a cone of R = 0.4 is reduced by about 5% for a jet of 50 
GeV and by 3% for a jet of 100 GeV HDJ. 

Figure El shows the distribution (l/Nj ct )dE/dR aver- 
aged over rings [R, R+AR] around the jet axis normalised 
to the area A of the ring for reconstructed energy £"™ nc > 
105 GeV compared to the corresponding result from back- 
ground free events. An estimation of the background dis- 
tribution is also shown in the figure. A clear excess of 
energy over the background close to the jet axis is seen. 
Observing energy of the order of few GeV radiated outside 
a cone of R = 0.4 will be a challenge since the signal to 
background ratio decrease rapidly to 10 -2 for larger radii. 



4.3 Momentum transverse to the jet axis 

The distribution of the momentum perpendicular to the 
jet axis or jx-distribution for jets can be measured in any 



sub-cone region around the jet axis. Uncorrelated parti- 
cles from the underlying event need a large angle with 
respect to the jet axis on order to have a large momen- 
tum perpendicular to the jet axis. Therefore, measuring 
the jT-distribution within a small radius preserves most of 
the signal and reduces significantly the background. What 
one expects to measure is a broadening of this distribution 
as well as an increase on its mean value due to the extra 
particles produced by the radiated gluons at low j't QHI • 
Figure shows the reconstructed jx-distribution for 
reconstructed energy i? T onc > 105 GeVcompared to the 
corresponding result for background free events. An esti- 
mation of the background distribution is also shown in the 
figure. The expected high-jx-tail is observed. 



5 Leading Particle Correlations 

ALICE will also study the correlation between leading 
particles. This is an important analysis for two main rea- 
sons. While the event-by-event reconstruction of jets will 
be feasible for jet energies £r > 40 GeV, leading hadron 
correlations will be in principle possible to very low trans- 
verse momenta. Also, as shown in section [21 this kind of 
analysis has been performed at lower energies, therefore 
we will be able to directly compare our results with the 
results from RHIC that indicate a strong suppression of 
the leading particles of the recoiling jet. 



6 Conclusion 

With the copious production of jets in PbPb collisions 
at the LHC, ALICE will be able to identify jets using a 
reduced cone of i? = 0.3 — 0.5 in order to reduce contribu- 
tions from the background. The properties of the created 
medium will then be studied through the jet structure ob- 
servables. We have shown that jet-structure observables 
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can actually be extracted from the sample of reconstructed 
jets and that the expected characteristics are seen: parti- 
cles carrying a large fraction of the jet energy (low £), the 
high-jx-tail and the excess of energy close to the jet axis 
are clearly visible in our analysis and agree with the cor- 
responding characteristics obtained from background-free 
events. 
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